Triple label immunohistochemistry was used to study the coexistence of the catecholamine-synthesising enzymes dopamine beta-hydroxylase (DBH) and tyrosine hydroxylase (TH) and several neuropeptides including neuropeptide Y (NPY), vasoactive intestinal polypeptide (VIP), substance P (SP), calcitonin generelated peptide (CGRP), somatostatin (SOM) and galanin (GAL) as well as nitric oxide synthase (NOS) in developing pelvic paraganglion cells in a series of human male fetal, neonatal and infant specimens ranging in age from 13 wk of gestation to 3 y postnatal. 13-20 wk old fetal specimens possessed large clusters of paraganglion cells lying lateral to the urinary bladder and prostate gland which were intensely DBHimmunoreactive (-IR) but lacked TH, NOS and the neuropeptides investigated. With increasing fetal age small clusters of paraganglion cells were observed in the muscle coat of the urinary bladder. At 23 wk of gestation occasional paraganglion cells were NOS or NPY-IR while at 26 wk of gestation the majority of paraganglion cells were TH-IR and a few were SOM or GAL-IR. Some postnatal paraganglia within the bladder musculature contained cells which were all VIP, SP or CGRP-IR while others displayed coexistence of NOS and NPY, SP and CGRP, or NPY and VIP. The presence of NOS in certain paraganglion cells indicates their capacity to generate nitric oxide (NO). These results show that human paraganglion cells develop different phenotypes possibly dependent upon their location within the bladder wall. A delicate plexus of branching varicose nerves was observed in the fetal paraganglia which increased in density with increasing gestational age. The majority of these nerves were VIP-IR while others were CGRP, SP, NPY, NOS or GAL-IR. The presence of nerve terminals adjacent to the paraganglion cells implies a neural influence on the functional activity of the paraganglia. Some paraganglia in the late fetal and early postnatal specimens contained Timofeew's sensory corpuscles, resembling pacinian corpuscles in their morphology. The central nerve fibre of these corpuscles displayed immunoreactivity for SP, CGRP and NOS, the latter indicating a possible role for NO in afferent transmission from the urinary bladder. In addition, a few corpuscles were penetrated by a noradrenergic nerve fibre immunoreactive for NPY and TH, which may have a modulatory role on the sensory receptor.

Paraganglia are clusters of extraadrenal chromaffin cells which contain catecholamines (Coupland, 1965 ; Hervonen, 1971) . Previous studies using fluorescence histochemistry have demonstrated numerous paraganglia associated with the urinary bladder both in Correspondence to Dr J. S. Dixon, Department of Anatomy, Chinese University of Hong Kong, Shatin, New Territories, Hong Kong. fetal and neonatal (Thompson & Gosling, 1976 ; Gosling & Thompson, 1978) as well as adult humans (Hervonen et al. 1976 (Hervonen et al. , 1978 . In addition to catecholamines both human fetal (Hervonen & Linnoila, 1987) and human adult pelvic paraganglia (Vaalasti et al. 1985) are known to contain a proportion of cells which display enkephalin-like immunoreactivity while NPY has been demonstrated in some early postnatal paraganglion cells (Dixon et al. 1992) . However, data are lacking on the development of neuropeptides within paraganglion cells although there is evidence for the possible occurrence of more than one regulatory peptide in the same paraganglion cell (Heym & Kummer, 1988) .
Paraganglia located in the pelvis of late fetal and neonatal humans are unique in that many contain specialised encapsulated sensory nerve endings which are referred to as Timofeew's corpuscles (Timofeew, 1896 ; Watzka & Penitschka, 1932 ; Bacsich, 1969) or pacinian-like corpuscles (Thompson & Gosling, 1976 ; Gosling & Thompson, 1978) . In a previous immunohistochemical study it was shown that this curious anatomical relationship only occurs in late fetal and early postnatal life, after which the sensory corpuscles and clusters of paraganglion cells dissociate from one another and occur as separate structures (Dixon et al. 1992) . Because of this transient association it has been suggested that the paraganglion cells may induce the formation of these sensory corpuscles during fetal development.
In the present study, a triple label immunohistochemical technique has been employed on a series of human fetal, neonatal and infant specimens ranging in age from 13 wk gestation to 3 y postnatal in order to obtain further information on the developing neurochemical content of the pelvic paraganglion cells and their associated nerve fibres and sensory corpuscles through this period.
  

Collection and processing of tissue specimens
Tissue from a series of 15 male fetuses ranging in gestational age from 13 wk to 35 wk together with 6 postnatal specimens aged 7 wk to 3 y were employed in this study (Table 1) . The fetuses were obtained following miscarriage or legal abortion while the postnatal specimens were obtained at postmortem examinations following accidental trauma or sudden infant death syndrome. All tissue was acquired within 12 h of death and in accordance with the ethical standards of the institutions from which it was obtained.
Gestational age of the fetuses was determined by measurement of crown-rump length, together with details of maternal history. In each case, the genitourinary organs were removed in toto from the pelvis and fixed by immersion in Zamboni's solution for at least 6 h followed by several washes in cryoprotectant phosphate buffered saline (PBS) solution prior to freezing in 2-methylbutane cooled in liquid nitrogen. The genitourinary organs from the 6 postnatal males were removed in toto, after which the bladder wall was divided horizontally 1.5 cm above the level of the intravesical ureters, the fundus of the bladder being discarded. Next the anterior bladder wall was divided longitudinally and the specimen laid flat on a cryostat tissue holder in such a way that the epithelium of the bladder wall lay parallel to the plane of section. Each specimen was embedded in OCT compound (TissueTek, Elkhart, USA) and rapidly frozen in 2-methylbutane precooled in liquid nitrogen. Serial sections (10-15 µm) were cut in a cryostat at k20 mC, mounted on gelatine-coated slides (2-3 % gelatine) and air dried for 30 min. Every 10th slide was processed for routine histology using Masson's trichrome stain, the remaining slides being stored at k78 mC for subsequent immunohistochemical evaluation.
Immunofluorescence
The tissue sections were washed in 3 changes of phosphate-buffered saline (PBS) and carefully dried and placed within a moist incubation chamber. Prior to washing, sections of fresh frozen tissue were fixed on slides at room temperature in 0.4 % parabenzoquinone in PBS for 10 min. The sections were then incubated in 1.5 % goat serum (ABC Kit, Vector Lab, USA) in PBS for 30 min followed (without washing) by incubation with a primary antiserum for 
4 h at room temperature (see Table 2 for details of antisera and dilutions). Following incubation, the sections were immersed in fluorescein conjugated antirabbit IgG secondary antibody (IgG-FITC conjugate, Jackson Laboratory, USA) for 2 h. The preparations were washed in 3 changes of PBS, carefully dried and reincubated in 1.5 % horse serum (ABC Kit, Vector Lab, USA) in PBS for 30 min followed (without washing) by incubation with the second primary antiserum for an additional 4 h at room temperature. The tissues were then washed and transferred to Texas Red conjugated antiguinea pig or antisheep IgG secondary antibody as appropriate (IgG-TRSC conjugate, Jackson Laboratory, USA) for 2 h followed by washing with 3 changes of PBS. A third primary antiserum (mouse anti-TH) was then added for 2 h at room temperature prior to incubation in biotinylated antimouse (BA-2000 ; dilution 1 : 200 ; Vector Lab, USA) secondary antibody conjugated with aminomethylcoumarin (AMCA) isothyocyanate-labelled avidin D (dilution 1 : 300 ; Vector Lab, USA) for 2 h followed by washing with 3 changes of PBS.
A total of 8 combinations of primary antisera, raised in different species, were used for triple-labelling (Table 3) in addition to single labelling with a polyclonal antibody to protein gene product (PGP) 9.5 raised in rabbit (a general nerve marker). All antisera were diluted in PBS containing 0.05 % sodium azide, 1 % bovine serum albumin and 0.1 % triton. The samples were then mounted in PBS\glycerine and examined with a Zeiss Axioskop microscope equipped with epifluorescence and appropriate exciter and barrier filters for viewing FITC (exciter filter BP 450-490 ; barrier filter LP 520 ; dichroic mirror FT 510), TRSC (exciter filter BP 546\12 ; barrier filter LP 590 ; dichroic mirror FT 580) and AMCA (exciter filter D360\40 ; barrier filter D460\50 ; dichroic mirror 400 DCLP) fluorescence sequentially. Photomicrographs were recorded using Fujichrome (400 ASA) film.
Cross-reactivities of the primary antibody and secondary antisera were also tested. The antirabbit secondary antibody did not recognise the primary antibody from mouse or sheep while the antimouse, antiguinea pig and antisheep secondary antisera failed to recognise the rabbit primary antibodies.

Paraganglion cells and their immunoreactivity
In each specimen examined the paraganglia displayed intense immunoreactivity for DBH, enabling them to be readily distinguished from autonomic ganglia. Using DBH as a marker, changes in the size and distribution of the paraganglia with increasing gestational age were thus determined.
In the younger fetal specimens (13-20 wk gestation) large clusters of paraganglion cells were observed lying lateral or posterior to the prostate gland and bladder neck (Fig. 1) . Such clusters were generally round or oval in section (measuring up to 1 mm in longest dimension) and often occurred in close proximity to autonomic ganglia and\or thick bundles of nerve fibres (Fig. 2) . In these specimens all the paraganglion cells stained intensely immunopositive for DBH but were negative for all the neuropeptides tested and also negative for TH, NOS and PGP, a general nerve marker. In contrast, adjacent autonomic nerve cells and fibres were all PGP-immunoreactive (-IR) (Fig. 2) . With increasing gestational age, the clusters of paraganglion cells became more numerous but smaller in size and developed a richer internal vascularity. Careful examination of semiserial sections of the prenatal specimens showed that paraganglia were confined to the adventitial connective tissue of the bladder neck in the 13 and 16 wk specimens but at 17 wk and all the older specimens small clusters of paraganglion cells (0.05-0.10 mm in diameter) were present amongst the detrusor muscle bundles of the adventitial aspect of the bladder wall.
In the 20-23 wk old fetal specimens a small proportion of the cells in each paraganglion observed were immunoreactive for TH, NPY (Fig. 3) or NOS (Fig. 4) while in addition occasional SOM and GAL-IR paraganglion cells were observed in the 26 wk prenatal specimen. At 26 wk of gestation most paraganglion cells were TH-IR, although the intensity varied from one cell to another. However the proportion of paraganglion cells within a section of each paraganglion which contained a neuropeptide or NOS remained small (" 20-30 %) in all the fetal specimens from 26-35 wk of gestational age.
In all the postnatal specimens the majority of paraganglia observed occurred within the muscle coat of the bladder wall or the superficial trigone and were immunopositive for DBH (Fig. 5) and TH but lacked NOS or any of the neuropeptides investigated. However, occasional intramuscular paraganglia were observed in which all the constituent paraganglion cells were immunoreactive for TH in combination with either CGRP (Fig. 6), SP (Figs 7, 8) , NPY, GAL, (Fig. 7) and TH (Fig. 8) . 3-y-old postnatal urinary bladder. i150.
VIP, SOM or NOS. Furthermore, in a few instances paraganglia were observed whose constituent cells displayed coexistence of immunoreactivity for SP and CGRP, NPY and NOS, or NPY and VIP. Paraganglia expressing neuropeptides were rarely observed in the adventitial connective tissue of the bladder wall, the majority displaying only immunoreactivity for DBH and TH.
Immunoreactivity of nerve fibres within the paraganglia
Fine varicose PGP-IR nerve fibres were observed extending among the paraganglion cells in all the fetal specimens (Fig. 2) , some of these intraparaganglionic fibres being VIP (Fig. 9) , SP ( Fig. 10) or GAL-IR. The density of the intraparaganglionic nerve fibres gradually increased with increasing gestational age. At 26 wk of gestation numerous CGRP (Fig. 11) and occasional NPY or NOS-IR (Fig. 12 ) varicose nerves were observed in addition to VIP, SP and GAL. Similar observations were made in all the postnatal specimens where the majority of the intraparaganglionic nerves were immunoreactive for VIP followed in decreasing order of density by CGRP, SP, NPY, NOS and GAL.
Furthermore, numerous sensory corpuscles were observed in some of the larger paraganglia situated in the adventitia of the urinary bladder of the 23-35 wk fetal specimens (Fig. 13 ) and the 7 wk, 2, 3 and 8 m postnatal specimens (Fig. 14) . Sensory corpuscles resembled pacinian corpuscles in their morphology, and they occurred either singly or in small clusters, each possessing a central nonvaricose PGP-IR nerve fibre which was also immunoreactive for SP (Fig. 15) and CGRP (Fig. 16) . Examination of adjacent serial sections revealed that these same central nerve fibres were also immunoreactive for NOS (Fig. 17) . On rare occasions a single fine nerve fibre immunoreactive for NPY and TH (Fig. 18) was also observed at the centre of some of the corpuscles. Sensory corpuscles were not observed within the paraganglia of the 2 and 3 y postnatal specimens although occasional corpuscles were present among the detrusor muscle bundles forming the adventitial aspect of the bladder wall in these specimens.

Examination of sections immunostained for DBH from a series of male fetal, neonatal and infant specimens has enabled the spatial and temporal distribution of human paraganglia associated with the urinary bladder to be determined in greater detail than has previously been reported. Since all the material examined in the present study came from males we are unable to comment on possible sex differences in the development and distribution of paraganglia. A similar study using female specimens is required to resolve this possibility. Nevertheless, it is apparent from the present observations in the male that small clusters of paraganglion cells dissociate themselves from the large aggregates lying in the adventitia of the urinary bladder and prostate gland and seemingly migrate into the bladder wall during development to become embedded among the detrusor muscle bundles. In addition the vascularity of the paraganglia becomes evident with increasing gestational age. The expression of neuropeptides and\or NOS begins in fetal paraganglia but is widespread after birth and a small proportion of intramural paraganglia express multiple neuropeptides.
The present results have shown that some fetal and infant human paraganglion cells within the bladder wall express a variety of neuropeptides such as NPY, VIP, SP, CGRP, SOM or GAL. Furthermore, in Fig. 9 . Numerous VIP-IR nerve varicosities are seen within this paraganglion from a 22 wk fetal specimen. i300. Fig. 10 . SP-IR nerve varicosities are scattered throughout this paraganglion from a 23 wk fetal specimen. i300. Fig. 11 . CGRP-IR nerve varicosities occur in profusion in this paraganglion from a 26 wk fetal specimen. i300. Fig. 12 . NOS-IR nerve varicosities are relatively sparse in this paraganglion from a 26 wk fetal specimen. i300. Fig. 13 . A DBH-immunoreactive paraganglion from the adventitia of the bladder neck at 23 wk of gestation containing 2 small sensory corpuscles (arrows). i300. relatively rare instances intramuscular paraganglia displaying coexistence of SP and CGRP, NPY and NOS or NOS and VIP have also been observed in the postnatal specimens. The presence of several neuropeptides in the same paraganglion cell has been demonstrated previously in the cat although SP-IR cell bodies were never observed in this species (Heym & Reinecke, 1984) . It is significant that in the present study all the paraganglion cells within a particular paraganglion displayed the same neuropeptide content which possibly indicates that the microenvironment of the paraganglion cells plays a role in determining which neuropeptides are expressed. The presence of NOS in a small proportion of human fetal and neonatal paraganglia has not been reported previously and may indicate that these particular paraganglion cells are capable of generating nitric oxide (NO), in a manner similar to autonomic ganglion cells which possess NOS immunoreactivity. While the precise role of bioactive polypeptides and enzymes in paraganglion cells is still not fully understood they are believed to have an intrinsic effect through regulating the metabolism of biogenic amines and they may also act on the presynaptic nerve fibres as well as inducing systemic effects via their rich vascularisation (Heym & Kummer, 1988) .
It is well known that paraganglion cells are a rich source of catecholamines (Coupland, 1952 (Coupland, , 1954 (Coupland, , 1965 (Coupland, , 1980 Hervonen, 1971) and that the major catecholamine produced by paraganglia in the human fetus is noradrenaline (Phillips, 1983) . Indeed during the fetal period paraganglia are generally considered to supplement secretions from the adrenal medulla although their role in adults is poorly understood. While all the paraganglia presently observed were intensely immunopositive for DBH, an enzyme involved in the synthesis of noradrenaline, the absence of immunoreactivity to TH in the younger fetal specimens is rather surprising since TH is also involved in catecholamine synthesis. However, this result may simply indicate that the level of TH in the early fetal specimens was too low to be detected by the immunofluorescence technique currently employed. By 26 wk of gestation TH was detected in the majority of paraganglion cells and all paraganglion cells showed coexistence of DBH and TH by the third postnatal year.
The present results have shown that fetal paraganglion cells are associated with relatively few nerve fibres (as shown by immunostaining for PGP, a general nerve marker) but that this subsequently increases in density such that postnatal paraganglia receive a relatively rich innervation by nerve fibres, the majority of which are VIP-IR, as previously reported (Dixon et al. 1992) . These results indicate that paraganglion cells are subject to considerable neuronal influences after birth. The location of the nerve cell bodies from which the intraparaganglionic nerve fibres originate cannot be established in the present study. Nevertheless, it seems reasonable to postulate that some may reside in the pelvic ganglia which are known to contain a considerable proportion of VIP-IR neurons (Jen et al. 1996) . However, the precise role played by paraganglion cells in the physiological mechanisms of micturition and bladder control remains unknown.
The presence of sensory corpuscles in human fetal and neonatal pelvic paraganglia has been known for many years (Timofeew, 1896 ; Watzka & Penitschka, 1932 ; Bacsich, 1969 ; Thompson & Gosling, 1976 ; Gosling & Thompson, 1978) . This intimate association has only been observed in late fetal and early postnatal tissues, a finding reconfirmed by the present study. Hence, it must be assumed that the corpuscles become separated from the paraganglia sometime in the first few months of postnatal life. Furthermore, it is known that both the paraganglion cells and the corpuscles persist into adult life, the paraganglia forming a miniendocrine system in the wall of the urinary bladder (Hervonen et al. 1978 ; Vaalasti et al. 1985) , while the pacinian-like corpuscles presumably provide afferent information that is required in the complex mechanism of sensory bladder control. However, in the present study, neither the initial development nor subsequent separation of the corpuscles from paraganglia could be correlated with neuropeptide expression by the surrounding paraganglion cells. In the relatively few instances where the corpuscle-containing paraganglia were observed they were invariably situated in the adventitial connective tissue of the bladder wall rather than in the detrusor muscle, and in each instance the constituent paraganglion cells were immunoreactive for DBH and TH but lacked NOS or any of the neuropeptides that were investigated.
The present immunohistochemical results have shown that the thick central PGP-IR nerve fibre of each corpuscle contains SP and CGRP which is consistent with their role as afferent receptors since both SP and CGRP are known to occur in sensory nerve fibres (Maggi, 1991) . The present finding of NOS in the central nerve fibre of the Timofeew's corpuscles suggests a role for NO in afferent transmission from the urinary bladder. Previous evidence to support this concept has been provided by the demonstration of NOS-immunoreactivity within afferent neurons in the lumbosacral dorsal root ganglia and within the dorsal horn of the spinal cord (McNeil et al. 1992 ; Dun et al. 1993 ; Vizzard et al. 1993) in various mammalian species. In the present study some of the corpuscles also contained a single fine nerve fibre immunoreactive for NPY and TH, indicating its catecholaminergic nature. The presence of postganglionic sympathetic nerve fibres in the inner core region of mesenteric pacinian corpuscles has been described previously (Santini, 1968 , Santini et al. 1971 ). Similar observations have also been reported for pacinian corpuscles in the urinary bladder of the cat where a single noradrenergic axon was shown to spiral around the central sensory axon terminal and possibly have a modulatory role on the mechanoreceptor (Kumamoto et al. 1993) .
In summary, the present study has demonstrated that human paraganglion cells within the muscle coat of the urinary bladder may express a variety of neuropeptides. A small proportion of these paraganglia develop multiple peptides and\or NOS and it is possible that environmental factors are responsible for determining this phenotypic pattern. 
